Dications of 9-(3-phenyl-1H-inden-1-ylidene)-5H-dibenzo[a,d]cycloheptene, 5 2þ , were prepared by oxidation with SbF 5 in SO 2 ClF, and their magnetic behavior was compared to dications of 9-(3-phenyl-1H-inden-1-ylidene)-9H-fluorene, 2 2þ . The good correlation between the experimental 1 H NMR shifts for the dications that were oxidized cleanly and the chemical shifts calculated by the GAIO method supported the use of the nucleus independent chemical shifts, NICS, to evaluate the antiaromaticity of the indenyl systems of 2 2þ /5 2þ and their unsubstituted parent compounds, 6 2þ and 7 2þ , as well as the antiaromaticity of the fluorenyl system of 2 2þ /7 2þ and the aromaticity of the dibenzotropylium system of 5 2þ /6 2þ . Antiaromaticity was shown to be directly related to the amount of charge in the antiaromatic systems, with the antiaromatic systems more responsive to changes in the calculated NBO charge than the aromatic systems. The antiaromaticity was also shown to be directly related to the amount of delocalization in the ring system. The aromaticity of the dibenzotropylium system was much less responsive to changes in the amount of charge in the tropylium system, because the aromatic system was much more completely delocalized. Thus, antiaromatic species are more sensitive probes of delocalization than aromatic ones.
Introduction
Substantial interest exists in the properties of antiaromatic species [1] [2] [3] [4] [5] [6] but there are few examples of antiaromatic species that can be prepared and characterized experimentally. We have successfully prepared a number of hydrocarbon dications that contain an antiaromatic cationic fluorenyl system, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] for example, 1 2þ , and have recently extended those studies to dications containing an antiaromatic indenyl cation, 19 2 2þ , and to dianions containing an antiaromatic dibenzocycloheptenyl system, 7 3 2-. These systems have allowed us to confirm that the aromaticity/antiaromaticity suggested by nucleus independent chemical shifts is inversely related to the square of the area of the ring system, 20 have allowed an assessment of the relationship between stability and magnetic measures of antiaromaticity, 11 and have demonstrated that the lack of bond length alternation seen as a characteristic of aromatic compounds is also present in antiaromatic species. 7 The dicationic species that we have previously prepared have all contained an antiaromatic ring system that is connected to a substituent, 4 2þ , that can be a cyclic system as well as an acylic substituent. The cyclic substituent can be an aromatic ion, as in 1
2þ
, or an antiaromatic ring system, as in 2 2þ . The antiaromaticity of the fluorenyl or indenyl ring system is affected by the substituent, which is difficult to rationalize because the fluorenyl ring is not planar with its substituent R þ . That is, the calculated geometry of 1 2þ shows that the fluorenyl system is perpendicular to the dibenzotropylium system, 13 while for species such as 2 2þ , the calculated geometry shows that the dihedral between the indenyl and fluorenyl systems is ∼50°, vide infra. If the ring systems are not able to interact through resonance, what is the mode of interaction?
We have chosen to examine one aspect of this through the preparation of indenyl cations with 3-phenyl substituents that are connected to a dibenzotropylium system, 5
. By changing the nature of the p-substituent on the phenyl ring, we can moderate the electronic environment in the indenyl system and examine the effects of that interaction on the antiaromaticity of the indenyl system as well as on the aromatic dibenzotropylium system (described as the tropylium system in the rest of the paper). We have previously reported the preparation and characterization of derivatives of 2 2þ and can use those results to understand the effect of changes in the indenyl system on its antiaromaticity as well as on the antiaromatic fluorenyl system. The comparison of 2 2þ with 5 2þ will also help to understand the effect of the fluorenyl/tropylium system on the antiaromaticity of the indenyl system.
Traditionally, the characterization of antiaromatic species has been through theoretical calculation, 3, 21, 22 which opens the conclusions to concerns about how the calculation were done, including issues of basis set choice. When theoretical data can be shown to have a good correlation with experimental data, the theoretical data is viewed as more reliable, particularly by experimental chemists. We have been able to successfully use this approach to "validate" measures of aromaticity like nucleus independent chemical shifts, NICS, which have no direct experimental analogue. NICS are the chemical shifts calculated for a ghost atom placed 1 Å above the planar ring system. 23 The chemical shift is a tensor, and the component of the chemical shift parallel to the π-system has been shown to most reliably correlate with other measures of aromaticity, so we will draw our conclusions from these NICS values, designated as NICS(1) zz . 24 If a good correlation exists between the experimental shifts and the NMR chemical shifts calculated by the same method as the NICS values, the method for calculation of those NMR shifts, and by extension the NICS values, are considered to be more reliable. In addition, a good correlation between experimental and calculated shifts also supports the quality of the calculated geometry for these reactive species.
Our approach with this work will be to examine the effect on the antiaromaticity of the indenyl systems of changing the substituent Z on 2 2þ and 5 2þ , to see if the changes are transmitted to the fluorenyl and tropylium systems, and if so, to explore any differences in the antiaromaticity/aromaticity of the latter two systems. We will use the NICS values, rather than the 1 H NMR shifts to assess the antiaromaticity of the indenyl/fluorenyl systems, or the aromaticity of the tropylium system. There is sufficient variability in the 1 H NMR shifts that they can only be used to evaluate aromaticity in a quantitative sense for compounds that are carefully JOCArticle matched in terms of structure. 25 We have chosen to evaluate the effect of the substituent Z through changes in the distribution of charge of the indenyl, fluorenyl, and tropylium systems. In theory, charge on a carbon should be able to be probed experimentally but there are issues with this approach. 26 As well there are issues with the calculation of charge. 27 Recently, Baldridge, et al., 28 have observed a good relationship between experimentally determined charges and those calculated by natural population analysis, natural bond order (NBO) calculations. 27 We will use the NBO calculated charges to observe changes in charge distribution and will couple those with the NICS values.
There is one caveat with this study. We are making antiaromatic species and there is no guarantee that the species we seek will be stable enough for characterization. We were able only to prepare 2a-c 2þ with high enough purity to have confidence in the assignment of their 1 H NMR chemical shifts. We report here the preparation and characterization of 5b-d 2þ by oxidation of the unsaturated precursor and were unable to get sufficiently high quality data for the oxidation of 5a and 5e 2þ to make reliable assignments. We argue, however, that if the calculated and experimental shifts for 5b-d 2þ show a linear relationship, there is no reason to assume that the spectra of 5a and 5e would not also show the same linear relationship. Thus we can interpolate the data with calculated data and be in a better position to understand trends in the effects of substituent Z.
Results and Discussion
Preparation of Substituted 3-Phenyl-indenylidene Dibenzocycloheptenes and their Oxidation to Dications 5 2þ . The synthetic strategy for preparation of the indenylidene dibenzocycloheptenes is shown in Scheme 1. Reaction of 1-indanone with an appropriately substituted phenyl Grignard reagent, followed by dehydration gave 1-(p-substituted-phenyl)-indene. Deprotonation of the indene with n-butyllithium followed by reaction with trimethylsilyl chloride gave the TMS indene derivative. Subsequent deprotonation with n-butyllithium was followed by reaction with dibenzosuberenone, 5H-dibenzo [a,d] Figure 1 ; spectra of 5c 2þ and 5d 2þ can be found in the Supporting Information. Assignments were made via 2D COSY spectra and comparison with spectra calculated using the GIAO method with basis set B3LYP/ 6-311þg(d,p) on structures optimized at the B3LYP level. The experimental spectrum of 5b 2þ is not as pure as that of 5d 2þ . There are additional peaks between 6.3 and 6.75 ppm, an increased integration in the region between 6.9 and 7.8 and a very large peak around 8, which may also contain protonated water. However the resolution is much better than seen in the spectrum of 5d 2þ . The presence of the methyl substituent in 5d 2þ would be expected to provide additional stabilization to the dication. Oxidation of 5c resulted in the formation of the dication, but the spectrum was much less clean. It was possible to make assignments for 5c 2þ based primarily on the COSY spectrum and the calculated chemical shifts. The experimental and calculated spectra are given in Table 1 .
The calculated shifts clearly show the upfield shift anticipated for the antiaromatic indenyl system and the down-field shift for the aromatic dibenzotropylium system. These same regions are apparent in the experimental spectrum. A plot of calculated vs experimental shifts for 5b 2þ -5d
2þ is shown in Figure 2 and shows excellent agreement, with R = 0.987. The quality of the agreement between experimental and calculated shifts gives support to NICS calculations using the same method and basis sets, vide infra. Attempts to oxidize 2þ and 5e 2þ were unsuccessful. It is not surprising that the highly electron-withdrawing trifluoromethyl substituent would destabilize the carbocation, but we had anticipated that the methoxy substituent on 5e 2þ would stabilize the carbocation. However, we have seen complexation of SbF 5 with a methoxy substituent in other systems 16 and its complexation would reduce the stabilizing effect of the methoxy group.
Nucleus Independent Chemical Shifts. The ring current model of aromaticity predicts a magnetic environment in the center of an aromatic ring that is opposite in sign to that of the periphery, resulting in protons that are shifted downfield when on the periphery of the aromatic species and would be shifted upfield if present in the center of the aromatic ring. These effects would be opposite for an antiaromatic species and these predictions have been given experimental support in the 1 H NMR characterization of [18] annulene and its dianion. 29 Nucleus independent chemical shifts, NICS, are based on this phenomenon, with the calculation of the magnetic shielding tensor for a dummy atom placed in the center of the ring system. 23 NICS for an aromatic system have a negative sign; those for an antiaromatic system have a positive sign. As mentioned earlier, the method has been refined by the placement of the dummy atom 1 Å above the plane of the ring to avoid effects of electrons in σ-bonds in small ring systems, and by the use of the component of the magnetic shielding tensor that is perpendicular to the plane of the ring, NICS(1) zz . 24 We have recently shown that the summation of the NICS values for each ring in a polycyclic system is an accurate measure of the aromaticity/antiaromaticity of the polycyclic system. We also determined that the magnitude of the NICS value is inversely related to the square of the ring area, which must be considered in the use of NICS to evaluate aromaticity/antiaromaticity in ring systems of different sizes. 20 The calculated NICS(1) zz values for 5a-e 2þ are given in Table 2 , along with the NICS(1) zz values of the unsubstituted indenylidene dibenzotropylium dication, 6 2þ , vide infra. The antiaromaticity of the indenyl systems are evident through the positive sign of NICS and the aromaticity of the dibenzotropylium systems is supported by their negative NICS. They were calculated using the GIAO method with basis set B3LYP/6-311þg(d,p) on geometries optimized at the B3LYP/6-31 g(d) level using Gaussian03. As noted previously, this approach gives good agreement between calculated and experimental 1 H NMR shifts. It is clear that the more electron-deficient the 3-phenyl substituent, the more antiaromatic the indenyl system becomes and that the greatest antiaromaticity in the indenyl system is seen for 6 2þ , which lacks the stabilization of the phenyl ring. The optimized geometry of 5a-e 2þ reveals that the indenyl and dibenzotropylium ring systems are perpendicular to each other, as is shown in Figure 3 for 5b 2þ .
Comparison with Related Dications: NICS. As was described previously, we were interested in the effect on the antiaromaticity of the indenyl system of replacing the aromatic dibenzotropylium system with a fluorenyl cation, that is, comparing the antiaromaticity of the indenyl system of 5 2þ with that of 2 2þ , and on the effect of those changes on the tropylium and fluorenyl systems, respectively. We had previously prepared dications 2a-c 2þ by oxidation with SbF 5 .
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To assess the effect on antiaromaticity/aromaticity of replacing the dibenzotropylium system with a fluorenyl system, we rely on comparison of NICS. However, the NICS(1) zz values for 2a-e 2þ previously reported were done at a different basis set and used the average of the three magnetic tensors rather than the tensor perpendicular to the plane of the ring system, so the values were recalculated and are reported in Table 3 , along with that of the unsubstituted indenylidene fluorene dication, 7
2þ . The comparison of experimental vs 1 H NMR shifts for 2a-c 2þ is given in the Supporting Information. The agreement is very good, R = 0.967, and improves to 0.984 when data for 5b-d 2þ is included. The excellent agreement when both systems are examined supports the use of calculations with GIAO at the B3LYP/6-311þg(d,p) level for NICS.
As was true for 5 2þ
, the antiaromaticity of the indenyl system decreased with phenyl substitution and as Z became more electron-rich. The antiaromaticity of the fluorenyl system behaved in an analogous way. We asked what role the substituted phenyl ring could be playing in affecting the antiaromaticity of the indenyl and fluorenyl ring systems and it seemed reasonable that the effect of Z might be on the stabilization of the positive charge in the indenyl system; that as Z became more electron-donating, it would stabilize the positive charge by delocalizing it into the phenyl ring. We chose to calculate the charges by the natural population analysis method, giving natural bond order (NBO) charges which have been shown to represent experimental charges reliably. 28 The table of the calculated NBO charges for each atom of 2 2þ , 5 2þ , 6 2þ and 7 2þ can be found in the Supporting Information. Table 4 contains the sum of the charges for each ring system of 2 2þ , 5 2þ , 6 2þ and 7 2þ . Examining the unsubstituted systems, 6 2þ and 7 2þ first, the charges are unevenly partitioned between the ring systems, with slightly more positive charge on the fluorenyl and tropylium systems. This may simply reflect the greater ability of the larger system to support a positive charge. As would be expected, the presence of the phenyl substituent in the 3-position causes additional delocalization of the positive charge throughout the entire indenyl system, with greater movement of charge into that system as Z becomes more electron-donating and therefore more capable of stabilizing the charge. While the magnitude of the sum of the charges on the phenyl substituent as a function of substituent are not equal, for example, the charge on the anisyl ring of 2e 2þ is 
whereas for 5e
2þ it is 0.598, the substituents are causing a proportional response, as is shown by a linear plot of the summation of charges by substituent (see Supporting Information). One would expect that as charge is removed from the antiaromatic systems, the magnitude of the antiaromaticity would decrease; a decrease in the amount of charge would also result in a decrease of the aromaticity of the tropylium system. These changes should be apparent in changes in the NICS values for each ring system, ΣNICS. Because the magnitude of the NICS values are related to the size of the ring, they must be divided by the square of the area, ΣNICS/ area 2 . 20 The magnitude of delocalization of the charge in each ring system is also affected by the area. We compared ΣNICS/area 2 to ΣNBO charges/area. The plots of ΣNICS/ area 2 to the ΣNBO charges/area 2 were very similar in terms of the quality of the correlation because there was relatively little change in the ring areas for the different systems (see Supporting Information). The plots of ΣNICS/area 2 vs ΣNBO charges/area are given in Figure 4 . Figure 4a shows ; Figures 4b shows the linear relationships for the fluorenyl and tropylium substituents. The positive slopes for the antiaromatic systems show that as the amount of positive charge increases, the amount of antiaromaticity increases. That is, the ability of the electron-donating substituent to stabilize the cationic system is related to a decrease in antiaromaticity. Figure 4 suggests at least two questions. The slopes for the indenyl systems are very similar, and are around 25 ppm/ charge, but the slope of the fluorenyl system is more steep, about 60 ppm/charge. The steeper slope suggests that antiaromaticity of the fluorenyl system is more sensitive to charge than the antiaromaticity of the indenyl systems. Antiaromaticity must be affected by more than simply the charge present in the system. The more obvious question is the flat slope of the tropylium system. This system, which is the only aromatic system in the species examined, shows a marked lack of responsiveness of aromaticity to changes in charge.
One possibility is that the delocalization of charge, rather than simply the amount of charge, is very important in the manifestation of aromaticity and antiaromaticity, conceivably that the greater the delocalization, the greater the aromaticity/antiaromaticity. Delocalization can be quantified by considering the lack of bond length alternation. We have previously observed with the dications and dianions of tetrabenzo [5.7] fulvalenes that aromatic systems are much less responsive to changes in the amount of bond length alternation than are antiaromatic systems. That is, when the optimized geometry for an aromatic system was modified so that the overall area was unchanged but the bond length alternation was reduced, the effect on aromaticity was very small, while the effect of similar changes for an antiaromatic system was much greater. 7 Thus antiaromatic systems are much more responsive to the effectiveness of the delocalization in the system, as evaluated through bond length alternation.
Evaluation of Bond Length Alternation using the GEO Term of the Harmonic Oscillator Model of Aromaticity. Bond length alternation is the deviation of each bond length from the average bond length. This measure is considered as one term of the evaluation of structural effects on aromaticity/ antiaromaticity described as the Harmonic Oscillator Model of Aromaticity, HOMA.
30-32 The HOMA approach contains two terms; the GEO term considers the effect of the degree of bond length alternation while EN term examines the deviation of the average bond length from the optimal one, R opt , on the energy of an aromatic compound. The degree of bond length alternation is obtained by the summation of the square of the difference of each bond, R i , from the average bond length, R av , divided by the number of bonds, as shown below. For benzene both the GEO and EN terms would be 0, thus the HOMA value would be 1. The coefficient R was chosen so that the HOMA value for a localized polyene would be 0; n is the number of bonds. The larger the value of the geometric term, GEO, the greater is the degree of bond length alternation. The calculated HOMA GEO terms for 2 2þ , 5
2þ
, 6 2þ and 7 2þ are shown in Table 5 . The calculated bond lengths from which the GEO terms were determined can be found in the Supporting Information. 
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The GEO term shows the degree of bond alternation with a smaller value indicating less bond length alternation, and therefore greater delocalization. Considering first the indenyl system of 5
2þ
, there is an increase in bond length alternation of the entire system as the substituent Z becomes more electron donating. The bond length alternation becomes greater in the 5-membered ring as the substituent becomes more electron-donating, but less in the 6-membered ring. Thus, the 6-membered ring becomes more benzene-like, more completely delocalized as the 5-membered ring becomes less completely delocalized. This suggests that the pattern of delocalization changes from that shown for 5 2þ to that indicated as 5*
. In effect, as the phenyl ring becomes more able to stabilize the carbocation, it begins to behave as an allyl cation.
There is a similar pattern in the 6-membered ring of the indenyl system of 2 2þ but more variability in the 5-membered ring, and therefore in the bond length alternation of the entire indenyl system. We are inclined to attribute this variability to differences in geometry. As was demonstrated in Figure 3 , the dihedral angle between the ring systems of 5 2þ is 90°, which is a consequence of the greater spacial requirements of the tropylium system because of the larger bond angles in the seven-membered ring. In comparison, the dihedral angle of 2 2þ is approximately 50°(see Supporting Information). The fluorenyl ring system has smaller spacial requirements than the tropylium system because the internal bond angles of the five-membered ring of the fluorenyl system are smaller. That is, the benzene rings of the fluorenyl system are effectively tied back more than in the tropylium system. The fluorenyl and indenyl systems can move closer to planarity than was true for the tropylium and indenyl systems of 5 2þ /6 2þ . That allows the fluorenyl system to interact with the indenyl system to a greater extent than was true for the interaction of the tropylium system with the indenyl system of 5 2þ /6 2þ . A partial consequence of this might account for the greater variability of the dihedral angles for the 5-membered ring of 2 2þ compared to 5 2þ (see Supporting Information). Support for the change in the pattern of delocalization from 5 2þ to 5* 2þ comes from a consideration of the NICS values. The 6-membered rings of both 2 2þ and 5 2þ become more aromatic and more negative as Z becomes more electron donating while the 5-membered rings become less antiaromatic.
While the indenyl systems show a change in the pattern of delocalization as a consequence of the effect of Z, both the fluorenyl system of 2 2þ and tropylium system of 5 2þ show much less bond length alternation in all ring systems, therefore much greater delocalization. This is reflected in the greater antiaromaticity of both 5-and 6-membered rings of Table 3 , and greater aromaticity of both rings of 5 2þ , Table 2 . The tropylium system shows much less change in NICS as a function of charge, Figure 4b , because it is already appreciably delocalized.
When the unsubstituted species 6 2þ and 7 2þ are compared to the dications with phenyl substituents, there is greater delocalization in the indenyl systems because there is no phenyl substituent to shift the pattern of delocalization to one resembling 5* 2þ . However, both the tropylium system of 6 2þ and the fluorenyl system of 7 2þ show very slightly more bond length alternation in comparison to 5 , which contained indenyl and tropylium cationic ring systems was examined by a magnetic measure of aromaticity/antiaromaticity, ΣNICS-(1) zz . By that measure, the antiaromaticity of the indenyl ring system decreased with the introduction of a phenyl substituent in the 3-position. In addition, as substituents on that phenyl ring became more electron rich, the antiaromaticity of the indenyl ring system decreased. This suggested that the amount of charge in the system might be related to the degree of antiaromaticity. The sum of the calculated NBO charge showed a good correlation with the amount of antiaromaticity in the indenyl system. A similar examination of the fluorenyl systems of 2 2þ /7 2þ showed a linear relationship between ΣNICS(1) zz and ΣNBO charges, but in the tropylium systems of 5 2þ /6 2þ , the degree of aromaticity was basically unresponsive to changes in the degree of charge. However, the responsiveness of the antiaromaticity of the fluorenyl system to changes in charge was much greater than the responsiveness of the indenyl system; the amount of charge alone was not primarily responsible for changes in antiaromaticity. To determine if the lack of bond length alternation, a measure of delocalization, might play a role, bond length alternation was calculated using the GEO term of the HOMA approach. The 5-membered ring of the indenyl system of 5 2þ showed an increase in bond alternation while the 6-membered ring became more benzene-like and showed a change in the pattern of delocalization to 5* 2þ . This change in the pattern of delocalization was apparent in the behavior of the 6-membered ring of 2 2þ but was less clear for the 5-membered ring, presumably because of different geometric constraints in the system. Both the fluorenyl system of 2 2þ and the tropylium system of 5 2þ showed much greater delocalization, as shown by smaller bond length alternation. Finally, for systems without the phenyl substituent, 6 2þ and 7
, the indenyl ring showed much greater delocalization than systems with the phenyl substituent. For the indenyl and fluorenyl systems, greater delocalization resulted in greater antiaromaticity, as evaluated through NICS. Aromatic systems, such as the tropylium system of 5 2þ /6 2þ , were much less responsive to changes in delocalization caused by changes in the degree of charge in the system, presumably because they were already substantially delocalized.
Thus, subtle changes in electronic effects are much more visible in antiaromatic systems, as measured through bond length alternation, changes in the amount of charge, and measures of antiaromaticity. We suggest that using antiaromatic species to study delocalization is both possible to do experimentally and is a very powerful tool.
Experimental Section
The olefin precursors to 5b-e 2þ were synthesized by Peterson olefination of the appropriate substituted 3-phenyl indene 19 with dibenzosuberenone, as described below for the synthesis of 5b. 5a was prepared from 3-(p-bromophenyl)-1-(1H-indenylidene)-5H-dibenzo[a.d]cycloheptene, which was synthesized by Peterson olefination of 1-(4-bromophenyl)-indene with dibenzosuberenone, followed by reaction with sodium trifluoroacetate in the presence of copper(I) iodide, as described below. 1 H and 13 C NMR spectra for 5a-e can be found in the Supporting Information.
3-(Phenyl)-1-(1H-indenylidene)-5H-dibenzo[a.d]cycloheptene, 5b. To 1-phenyl-indene (1.11 g, 5.77 mmol) in 40 mL of dry THF -78°C was added 5.4 mL n-butyllithium (7.9 mmol), giving a dark red solution. After 1.5 h, trimethylsilyl chloride (1.1 mL, 8.1 mmol) was added to the reaction mixture and the reaction allowed to stir for two hours, with the temperature warming to -15°C. An additional 1.5 equiv of n-butyllithium were added and the reaction mixture stirred for 2 h. Dibenzosuberenone 1.19 g, 5.77 mmol) was added and stirred overnight at room temperature. The solution was quenched with water and the aqueous layer was extracted with 2 Â 50 mL of diethyl ether. The combined organic layers were washed with with 2 Â 25 mL saturated sodium bicarbonate. The solvent was removed under vacuum to yield a brown oil. Flash column chromatography with hexane was performed to yield the pure product, yellow crystals, 0.973 g, 44.2% yield. MP 172-174°C. 1 
